The project described in this paper was undertaken to demonstrate that finite element analysis can be used to define the parameters of structural health monitoring sensing system. Such an approach to sensor system property definition is necessary because in actual applications one will almost never have a damaged structure available to test. Instead, one will have to postulate the anticipated damage, simulate that damage with a numerical model and then analyze the computational data to determine the necessary properties of the sensing system (number, type, location, sensitivity, bandwidth). To demonstrate this process, a finite element model was constructed of a simulated three-story building used for damage identification experiments. Damage was introduced by loosening bolts in the connections of the columns to plates representing the floors the structure. Of particular interest was modeling slip in joints as a function of bolt torque and predicting the smallest change of torque that could be detected experimentally. After being validated with modal analysis results from the physical structure, the model was used to produce data to test the capabilities of damage identification algorithms and define the sensing system properties. This paper describes the finite element model that was constructed, the results obtained, and proposed future uses for such model as part of an integrated approach to structural health monitoring.
INTRODUCTION
The process of implementing a damage detection strategy for aerospace, civil and mechanical engineering infrastructure is referred to as structural health monitoring (SHM) . Here damage is defined as changes to the material and/or geometric properties of these systems, including changes to the boundary conditions and system connectivity, which adversely affect the system's performance. The SHM process involves the observation of a system over time using periodically sampled dynamic response measurements from an array of sensors, the extraction of damage-sensitive features from these measurements, and the statistical analysis of these features to determine the current state of system health. For long term SHM, the output of this process is periodically updated information regarding the ability of the structure to perform its intended function in light of the inevitable aging and degradation resulting from operational environments. After extreme events, such as earthquakes or blast loading, SHM is used for rapid condition screening and aims to provide, in near real time, reliable information regarding the integrity of the structure.
Current SHM methods are either visual or localized experimental methods such as acoustic or ultrasonic methods, magnetic field methods, radiograph, eddy-current methods and thermal field methods 1 . All of these experimental techniques require that the vicinity of the damage is known a priori and that the portion of the structure being inspected is readily accessible. The need for quantitative global damage detection methods that can be applied to complex structures has led to research into SHM methods that examine changes in the vibration characteristics of the structure. The basic premise of these global SHM methods is that damage will alter the stiffness, mass or energy dissipation properties of a system, which, in turn, alter the measured dynamic response of the system. Summaries of this research can be found in recent review articles 2, 3 . In addition, there are several annual and biannual conferences dedicated to this topic 4, 5, 6 . To date, most global SHM techniques proposed in these references examine changes in modal properties (resonant frequencies, mode shapes), or changes in quantities derived from modal properties. Drawbacks of these investigations include: 1) The use of relatively expensive off-the-shelf, wired instrumentation and data processing hardware not designed specifically for SHM. 2) Excitation has, in general, been from ambient sources inherent to the operating environment. Ambient vibrations excite lower frequency global modes that are insensitive to local damage. 3) The data reduction is usually based on classical linear modal analysis. 4) Most studies assume that the structure can be modeled as a linear system before and after damage. 5) Statistical methods have not been used to quantify when changes in the dynamic response are significant and caused by damage. Varying environmental and operational conditions produce changes in the system's dynamic response that can be easily mistaken for damage.
Taken as a whole, the aforementioned characteristics place serious limitations on the practical use of existing methodologies. Indeed, with the exception of applications to rotating machinery 7 , there are no examples of reliable strategies for SHM that are robust enough to be of practical use.
The goal of the structural health monitoring research at Los Alamos National Laboratory (LANL) is to develop a robust and cost-effective SHM system by integrating and extending technologies from various engineering and information technology disciplines. The system will be composed of both hardware and software components. Changes in dynamic response resulting from damage will be detected with sensitive, dynamic response measurements made with active Micro-ElectroMechanical Systems (MEMS) . Here the term active indicates that the sensing units will be designed to provide a local mechanical excitation source tailored to the monitoring activity. Software for data interrogation will incorporate statistical pattern recognition algorithms to identify that damage is present and locate the damage. The software will be integrated into the sensing unit through a programmable micro-processing chip. The processed data output of these sensing units will be monitored at a central location using a wireless data transmission system. This integrated system will be developed with the intent that it can be adapted to monitor a variety of engineering systems. It is hoped that the approaches taken to developing such an integrated SHM system will alleviate the drawback identified above.
Staff at LANL, as well as students participating in the Los Alamos Dynamics Summer School 8 , have been demonstrating several aspects of this integrated SHM approach through experimental studies with various simplified test structures. Some of these efforts have been focused on statistical pattern recognition procedures for damage identification using experimental acceleration data 9, 10 . One particular experiment used is a steel frame structure, which simulates a threestory building, subjected to base excitation with an electro-dynamic shaker. Different damage cases are studied by loosening bolts in joints to introduce changes to the structure. The goal of this project was to create and utilize a finite element model of the test structure to provide an analytical compliment to the experimental work underway. The specific goals pertaining to the modeling effort were to create a finite element model and use the model to predict the smallest experimentally detectable change of torque in joint bolts. The model would also provide acceleration data to be used to test damage identification algorithms. An outcome of achieving these two goals will be the definition of the sensitivity and bandwidth of sensing system needed to detect this threshold torque reduction. The details of the model and the results obtained to date are described in this paper.
THE FINITE ELEMENT MODEL
The finite element model was constructed to match the geometry and physical properties of the three-story structure. Figure 1 provides a view of the model that also illustrates the components of the physical structure. At the bottom of the structure, the base plate is supported by four air bearings (not visible). Four columns are attached to the top of the base plate with the column brackets. Three floor plates are attached to the columns with the floor plate brackets. 
Components of the Structure
Floor plates Each of the three floor plates is a rectangular aluminum plate with squares cut out of each corner for the columns. The dimensions of the aluminum plate are 61.44 cm X 46.20 cm X 1.27 cm thick (24.188 in. x 18.188 in. x 0.5 in.). The floor plates were modeled with shell elements using aluminum material properties and the same plate thickness as the physical floor plates.
Base plate
The base plate is a 3.81-cm-thick (1.5-in-thick) rectangular aluminum plate, 61-cm-wide by 76-cm-long (24-in. wide by 30-in. long). The base plate was also modeled with shell elements and aluminum material properties.
Air bearings
The base plate was mounted on four air bearings to isolate the structure from incident vibrations. To model the air bearings, springs were attached from nodes on the base plate to ground. The nodes were chosen at locations corresponding to the air bearings attachment points in the physical model. Values for the spring constants were obtained from the manufacturer's air bearing data. These values were updated during modal analysis validation to achieve proper rigid-body mode frequencies associated with the structure rocking on its air bearings.
Columns
The columns are 152-cm-long (60-in.-long) B-line brand stainless steel channels. Figure 2 shows the cross section shape and major dimensions of the columns. Beam elements with the same geometric cross section as the physical beams were used to model the columns. Column brackets To attach the columns to the base plate, B-line brackets were used. These brackets are referred to as column brackets throughout this report. Each bracket is comprised of a flat plate that is bolted to the base plate and a U-shaped channel that extends perpendicular to the base plate and encompasses the bottom 8.9 cm (3.5-in.) of the column. The column is bolted to the U-shaped channel of the bracket. The plate portion of each bracket was modeled with shell elements. To model the U-shaped channel, the cross section of the column was adjusted in that length to include the geometry of the bracket. The cross section of the column including the bracket is shown in Figure 3 . ). The L-shaped channel is 9.2 cm (3.625 in.) tall, and fits with the column as shown in Figure 4 . As was done with the column brackets, the cross section of the column is adjusted in the regions where the floor plate brackets are attached to include the cross section geometry of the brackets. The plates of each bracket are rigidly connected to the columns with beam constraints.
Contact Surfaces
The original intent of the project was to create a linear finite element model of the structure, therefore contact between the floor plates and the floor plate brackets was simulated by connecting linear spring elements from nodes on the floors to nodes on the brackets. The placement of these spring elements can be seen in Figure 5 .
The results from the linear model were not as desired, so the springs were changed to nonlinear springs. The nonlinear springs resist motion with linearly increasing force up to a certain magnitude, after which the resisting force remains constant. In this way, the nonlinear springs model friction and slippage in the joint. The spring constants for the nonlinear springs were estimated based on the motion in the joint in the linear model. These spring constants should be updated and validated in future work with this model. 
Bolts and Damage Cases
The bolts in the joints of the structure were modeled as beam elements connecting nodes on the floor plates to nodes on the floor brackets. The location of the bolt beam elements can be seen in Figure 5 . The tightness of the bolts was introduced by applying a stress initial condition in the axial direction of the bolts. The magnitude of the stress was calculated from the equation:
where F i is the preload in the bolt, T is the torque to which the bolt is tightened, and d is the fastener size. The stress can then be calculated as:
For damaged cases, the preload in the bolts at one of the joints was reduced to model loosening of the bolts. The damage was introduced in three different ways during this study. The first method was to reduce the preload of the bolts at the beginning of the analysis and leave them constant throughout the analysis. This method models a joint that has been damaged, but is not being further damaged. The second method was to reduce the stress in the bolt linearly throughout the analysis. This method models a joint that is progressively loosening or being damaged. The third method of damage introduction is a step reduction of stress at some point during the analysis. Many other damage cases could be introduced to the model in further studies. The ability to easily apply different types and magnitudes of damage to the structure is one of the main advantages this analytical method has over experimental data collection.
Labeling Conventions and Axes Orientation
To effectively describe the model, a labeling convention was chosen for identifying the joints. Figure 6 shows the labeling convention for the columns. The columns were labeled 1-4 relative to the shaker location as shown in the top view. Figure 7 shows the labeling convention of the floor plates. The plates are labeled a, b, and c starting from the top. To specify a particular joint, the column number and floor letter are used. For example, in the finite element model, the bolts were loosened at joint 3a, the joint at the top floor on the corner counterclockwise from the shaker location.
Accelerometer Locations
Accelerometers were attached at the joints of the physical structure and were oriented to measure acceleration in the xdirection (as shown in Figure 6 and Figure 7) . Figure 8 shows the accelerometer layout on one of the floor plates, which is typical of all three floors. At each joint, one accelerometer was attached to the column and one accelerometer was attached to the floor plate. 
Shaker Location and Input Time Histories
The excitation input for the physical experiment was supplied by a shaker attached to one side of the base plate. The location is illustrated in Figure 6 and Figure 7 . Force time histories measured during the experiment were used as the excitation input to the finite element model. The force was applied at a node corresponding to the location of the shaker attachment on the physical structure.
MODEL VALIDATION
Before being used to generate acceleration response data, the model was validated by comparing it to the physical structure. The two areas compared were weights of the components for the model and the physical structure and modal analysis results for each.
Comparison of Weights of Components
The weights of the components of the finite element model and the physical test structure are shown in Table 1 . As seen in the table, the weights of individual components are not exactly equal, but they are close, and the total weights of the two cases are almost exactly equal. The discrepancy between the weight of individual components results from the way that various components were modeled. As an example, a portion of the column bracket is incorporated into the column as discussed in Section 2.1. One discrepancy that needs clarification is the weight of the base plate and air bearings. When the physical structure was weighed, the air bearings were left attached to the base plate, so their weight is included in the weight listed for the base plate in the table. 
Comparison of Modal Analysis Results
Experimental and analytical modal analyses were performed on the physical structure and the finite element simulation, respectively. The mode shapes were also compared, and they, like the frequencies, were similar for each case. Figure 9 shows the first torsion mode calculated with the finite element model. 
DATA GENERATED
Acceleration data were calculated with the finite element model to correlate with the experimental data. Nodes were chosen on the model that were located close to where the accelerometers were attached to the physical structure (as seen in Figure 8 above). The acceleration time histories in the direction measured by the accelerometers were recorded for each of these nodes.
Desired Data
The damage identification algorithms under consideration at the time of this project compare acceleration time histories of a baseline undamaged case and a test (damaged) case to determine if, and where, damage is present in the test case. Data generated by the finite element model were manipulated to be in the form of a difference of two accelerations. The difference of acceleration across each joint was calculated by subtracting the acceleration history of the accelerometer node on the plate at a joint from the acceleration history of the accelerometer node on the column at the same joint. This difference time history was then analyzed to detect damage at the joint. Figure 9 and Figure 10 show plots of typical acceleration time history data generated by the finite element model. Figure  9 shows data from the model that used linear springs to simulate the contact between plates at the joints. In Figure 9 the difference between the computed accelerations of the points on the model representing the accelerometer locations at joint 3a are plotted as time histories when linear springs are used to represent the contact between plates at the joints.. The vertical axis is this acceleration difference in units of (in/s 2 ) and the horizontal axis is total (simulation) time in (s). During the first second of total time a quasi-static load step was applied for the joint pre-load to the springs representing the bolt, and the geometry was updated to account for the displacements in the resulting equilibrium configuration. Therefore, time history for the shaker forcing function is applied beginning at 1 s. As seen in the figure, no noticeable difference is evident between the two lines. This plot illustrates the problem with the linear model and the need to expand to the nonlinear spring model.
Example Data
In Figure 10 the same plot is shown when the non-linear springs are used for the contact, and the joint slippage appear as spikes in the acceleration-time history differences. Because these time-history records are used by the damage detection algorithms, they are referred to as data". Although the differences between the two lines are small, they are evident, and when statistical methods are used to analyze the data, the damage to the joint is detectable. Results showed that to detect a 90% loss of preload the sensors had to detect changes in amplitude on the order of 0.05 g's. The damage detection process was enhanced if data could be sampled at 20 kHz. 
FUTURE APPLICATIONS
The finite element model constructed was effectively used to generate acceleration data to be used in damage identification research. The model can be used to generate data for a wide range of damage cases. Some of the variables that can be adjusted are as follow:
• magnitude of input excitation The model could also be improved to enhance future research. The first area that should be considered for modification is the model of contact between plates at the joints. The spring constants of the non-linear springs should be validated in some manner, or a different contact model could be considered.
SUMMARY
The finite element model constructed provides a good starting point for further analytical work in the area of structural damage identification research. The model closely resembles the physical three-story structure in geometry, physical properties, and modal response to vibration. When nonlinear springs are used to model the contact between plates at the joints, differences can be detected in acceleration data from nodes corresponding to accelerometer locations on the floor plates and the columns of the structure. The model can be used to generate acceleration data for testing damage identification algorithms and to define the required sensing system properties.
The future plans for this modeling is to use it to define the properties of a remote sensing system that can detect damage to joints such as crack formation in welds or loss of preload in bolts. Properties to be determined include required bandwidth and sensitivity of the sensing system as well as the optimal location for the sensors that will be mounted on the joint. This modeling approach will also be used to define the properties of a location excitation system (amplitude and wave form) to enhance the damage detection process. To enhance the damage detection process, the sensing system parameter definition will be done in an integrated manner with the development of data interrogation algorithms.
